Drift mobility of long-living excitons in coupled GaAs quantum wells 
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We observe high- mobility transport of indirect excitons in coupled GaAs quantum wells. A 
voltage-tunable in-plane potential gradient is defined for excitons by exploiting the quantum con- 
fined Stark effect in combination with a lithographically designed resistive top gate. Excitonic 
photoluminescence resolved in space, energy, and time provides insight into the in-plane drift dy- 
namics. Across several hundreds of microns an excitonic mobility of > 10 5 cm 2 /eVs is observed 
for temperatures below 10 K. With increasing temperature the excitonic mobility decreases due to 
exciton-phonon scattering. 



The pioneering work of Keldysh and Kozlov in 1968 
has triggered many experiments aiming to observe the 
bosonic nature of excitons in solid state systems. 1 For de- 
tecting the Bose-Einstein condensation of excitons, it is a 
prerequisite to define controllable confinement potentials 
for excitons. So far trapping of excitons has been demon- 
strated in strained systemsj^AA magnetic traps^ "natu- 
ral traps" defined by interface roughness fluctuations, 6 
and electrostatic traps£2i2iiS Only the latter enable in- 
situ control of the trapping potential. In addition, elec- 
trostatic traps can be extended towards optoelectronic 
solid-state devices due to their potential scalability and 
compatibility with existing semiconductor technology. 

Here we investigate the drift dynamics of long-living 
excitons in coupled quantum wells (QWs) in a voltage- 
tunable semiconductor device. In prior experiments 
on coupled GaAs/AlAs-QWs a static, spatially resolved 
photoluminescence spectroscopy has been used to de- 
tect excitonic drift™ We extend this approach towards 
time-of-flight (TOF) experiments in coupled GaAs-QWs 
by detecting the excitonic photoluminescence (PL) as a 
function of space, energy, and time. The technique re- 
lies on the quantum confined Stark effect (QCSE), and 
it allows distinguishing the dynamics of excitons from 
electron-hole effects. 9 In a field effect structure such as 
shown in Fig. 1(a), electrons and holes of photogenerated 
excitons may rearrange in a way that they are spatially 
separated by the tunnel barrier between the GaAs-QWs. 
These indirect excitons have a lifetime of ~ 300 ns (for 
perpendicular electric fields of ~ 10 6 V/m), 12 while the 
lifetimes of direct excitons are in the order of 1 ns™ The 
excitonic drift of such indirect, long-living excitons is in- 
duced by applying a voltage Ua across a resistive top gate 
(Fig. 1(a)). Hereby, the electric field perpendicular to 
the QWs is laterally varied, and due to the QCSE, mobile 
excitons drift along the gradient towards regions of high 
electric field (Fig. 1(b)) Ali In the TOF-experiments we 
find excitonic mobilities > 10 5 cm 2 /eVs and scattering 
times > 10 ps at low temperatures. Both values exceed 
previous results on coupled QWs by a factor of 200™ 
For temperatures higher than 10 K the excitonic drift is 
limited by phonon-scattering processes. 
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FIG. 1: (a) Excitonic time-of-flight apparatus. A current- 
carrying top gate (grey) defines a laterally varying vertical 
electric field (vertical arrows), (b) Sketch of the in-plane ex- 
citonic potential between contacts "I" and "II" due to the 
quantum confined Stark effect (QCSE). The slope of the gra- 
dient is tunable via the voltage Ua- (c) Calibration of the 
QCSE-shift by application of a dc- voltage Ub to the top gate. 



Starting point is an epitaxially grown AlGaAs/GaAs- 
heterostructure containing two GaAs-QWs encompassed 
by AlGaAs barriers (Fig. [Ha)). Each QW has a thickness 
of 8nm, while the QWs are separated by a 4nm-thick 
tunnel barrier made out of Alo.3Gao.7As. The QWs are 
located 60 nm below the surface of the heterostructure. 
An n-doped GaAs-layer at a depth of d = 370 nm serves 
as back gate, and a semi-transparent titanium layer is 
used as the top gate of the field effect structure. The 
metal gates, prepared by standard optical lithography, 
have typically a thickness of 10 nm, a width of 50 /im, 
and a length ranging between 500 /im and 1000 jam. The 
resistance of such a gate strip is between 2kQ and 4kf2 
depending on its length. 

The excitonic drift experiments are carried out in a 
helium continuous-flow cryostat in combination with a 
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micro-photoluminescence setup in the temperature range 
between 3.5 K and 40 K. The excitons are locally excited 
by focusing a pulsed laser onto the center of the top 
gate. The laser is operated at a pulse length of 50 ns 
and at a repetition period of 10 /is. At a spot diameter 
of « 10 /im the power density is 5kW/cm 2 . The laser 
wavelength is chosen to be 680 nm, such that electron- 
hole-pairs are only created in the GaAs-QWs and not 
in the AlGaAs-barriers. For the TOF experiments, the 
PL signal of the recombining excitons is picked up by 
the optical microscope as a function of the time-delay 
with respect to the initial laser pulse. The optical signal 
is subsequently guided through a triple-grating imaging 
spectrometer. An attached fast-gated, intensified CCD 
(charge coupled device) camera with an exposure time of 
5 ns detects the PL emission of the excitonic cloud as a 
function of energy and space. In order to yield a suffi- 
cient signal to noise ratio, all images shown are taken by 
integrating over 2 x 10 T single events. 

In Fig. 1(c) we calibrate the shift of the exciton energy 
due to the QCSE as a function of the applied voltage Ub 
at Ua = V. The energy E exc of the spatially indirect 
excitons is shifted to lower values by £E exc = ed x E z , 
with d the center distance of the two QWs and E z the 
electric field perpendicular to the QWs. The data in 
Fig. 1(c) nicely follow a linear dependence with a slope 
of <9E exc /<9/7 = 26.4meV/V. The red-shift is independent 
of the bath temperature T up to 30 K. For the TOF ex- 
periments, a constant bias voltage Ub of —0.4 V is applied 
to the top gate with respect to the grounded back con- 
tact at all times. 50 ns after the laser has been switched 
off, all short-living direct excitons have decayed and only 
indirect excitons remain. Due to diffusion such a cloud of 
mobile indirect excitons has typically a FWHM-diameter 
of about 80 /im, in accordance with previous resultsji^i^ 

We define t = as the point of time when the voltage 
drop /7a is applied across the resistive gate strip. In turn, 
the voltage between contacts "I" and "II" increases lin- 
early along the gate strip. This voltage configuration cre- 
ates a QCSE-mediated excitonic gradient potential E exc 
as sketched in Fig. H^b). In turn, the excitons are ex- 
posed to a force F = — VE exc = edV\E z \. 12 Since Ua is 
widely tunable, the method allows studying the in-plane 
drift of indirect excitons at different velocities. Fig. [2| 
shows three subsequent CCD-snapshots with 5 ns expo- 
sure time for /7a = 2 V at (a) t = 0, (b) t = 20 ns, and (c) 
t = 40 ns. Each image exhibits the lateral distribution of 
the excitons resolved in space (vertical axis) and in en- 
ergy (horizontal axis). The distributions are tilted off the 
horizontal orientation in all snapshots, proving that the 
gate strip creates an in-plane gradient of the excitonic 
energy. Under the given experimental conditions, the 
linear gradient VE exc w 100/ieV//im obtained from the 
tilt in Fig. 2(b) and (c) agrees well with the value for the 
dc-QCSE energy shift presented in Fig. 1(c). The lower 
energy gradient in Fig. 2(a) is due to an i?C-constant 
of the resistive gate of < 10 ns which governs the raising 
behaviour of Ua- 
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FIG. 2: Photoluminescence images showing drift of excitons 
at T = 3.7 K; taken at t = 0ns (a), t = 20 ns (b), and t = 40 ns 
(c) after enabling the excitonic gradient potential. Insets: 
Energy- integrated representations of the data (solid curves). 
In the insets of (b) and (c) the lateral PL distribution of the 
cloud at t = ns is shown as a dashed curve. 



In Fig. 2(b) [(c)] the center of the excitonic cloud has 
travelled (23.3 ± 1.1) /im [(47.4 ± 1.8) /im] away from 
the excitation spot towards electrode "I" as defined in 
Fig. 1(a). At the same time, the excitons have reduced 
their energy by ~ 2 meV [~ 4 meV] . As a function of the 
delay-time, the center of the excitonic distribution follows 
a diagonal path with respect to space and energy within 
the error bars (data not shown) . The corresponding gra- 
dient <9E exc /<9/7 « 25meV/V again agrees well with the 
gradient obtained from the dc- measurements in Fig. 1(c). 
This experimental finding proves that we study the drift 
dynamics specifically of indirect excitons. In addition, 
we would like to note that due to the finite lifetime of 
the indirect excitons the PL intensity in Fig. 2(b) and 
2(c) has decreased by a factor of 2 and 4, respectively. 

By following the temporal evolution of the center of 
the cloud in Fig. 2, the excitonic drift velocity va can be 
directly determined. Fig. EJa) shows the dependence of 
Vd on the voltage drop Ua for various bath temperatures. 
At low temperatures we observe a maximum velocity of 
about ~ 2.5 x 10 3 m/s. Experimentally, a leakage cur- 
rent Jl between the top and the back gate limits further 
increase of Ua and thus va- For Ua < 2.5 V we find Jl 
to be < 1 /iA. In this regime, a linear fit of the data gives 
the differential mobility /i exc of the excitons defined as 



Mexc = L • (dv d /dU A ) • (-<9E exc /<9/7)~ 



(1) 



Fig.[3{b) summarizes the differential mobility /i exc of in- 
direct excitons at various temperatures. At low tempera- 
ture, a constant mobility /i CO nst larger than 10 5 cm 2 /eVs 
is observed, which exceeds previous results by a fac- 
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FIG. 3: (a) Measured excitonic drift velocity i>d versus the 
voltage drop Ua at various bath temperatures T. The dif- 
ferential mobility is obtained from linear curves fitted to the 
data, (b) Excitonic mobility /x e xc and scattering time r (right 
vertical axis) as a function of the temperature. Inset: dou- 
ble logarithmic representation of the inverse mobility l//i e xc 
versus temperature. Solid lines are theoretical fits to the data. 

tor > 200. 11 Recent publications on GaAs-QWs sug- 
gest that the maximum mobility in our experiment is 
only limited by barrier alloy scattering, 16 which is inde- 
pendent of temperature (dashed dotted line). With in- 



creasing temperature the excitonic mobility decreases as 
/i po ex T -6 (dotted line), which is usually referred to en- 
hanced scattering of excitons by polar optical phonons^i 
The combination of both scattering processes according 
to Matthiessen's rule explains the experimental data well 
(solid line). We would like to note that polar optical 
phonon scattering is usually expected for temperatures 
above 100 However, as seen in the inset of Fig. 3(b), 
acoustic phonon scattering (ex T _1 ) cannot explain the 
data (dashed line). 16 Assuming an effective exciton mass 
m exc = ( m e + m h) ~ 0.25 m e with m* h the effective elec- 
tron/hole mass in GaAs and m e the free electron mass, 
we can further estimate the transport scattering time to 
be r = /iexc • m exc (right axis in Fig.|HJb)). Since the PL 
signal depends on the temperature as well, TOF exper- 
iments above 30 K are ambiguous. Generally, the data 
shown are obtained from different samples patterned on 
one AlGaAs/GaAs- wafer. Since the electron mobility is 
proportional to the sixth power of the QW width^ fu- 
ture experiments will aim towards wider QWs. 

In summary, we explore the quantum confined Stark ef- 
fect in combination with a resistive top gate to study drift 
dynamics of indirect excitons in coupled GaAs quantum 
wells. The emitted photoluminescence of the drifting ex- 
citons is resolved in space, energy, and time, which allows 
measuring the drift velocity and mobility of the excitons. 
At low temperatures we observe a maximum mobility of 
10 5 cm 2 /eVs which is a factor of 200 times larger than 
previous results on long-living excitons in coupled quan- 
tum wells. 
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